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METHODS

Surveys
We surveyed for spotted owls following methods described by Forsman (1983) and Franklin et al. (1996a) . Surveys were conducted from 1 April to 28 August, 1986-1999. Night surveys were conducted at points along roads and trails to establish that owls were present in an area. Subsequent walk-in surveys were conducted to find owl roosts and nests, assess reproductive status, and capture owls. All areas within the EDSA were surveyed regardless of land ownership or history of owl occupancy. RSA territories were selected from historic locations provided by the U.S. Forest Service and from new territories we located during 1997 using additional surveys outside of the EDSA. Thus, RSA territories had unsurveyed areas between them, whereas the entire EDSA was surveyed each year. We considered a territory to be occupied if we observed a roosting owl(s) during a daytime survey or an owl(s) was heard in the same location on >2 night surveys separated by 27 days. 
Data Analysis
We used mixed-model analysis of variance (PROC MIXED in program SAS; Littell et al. 1996) to estimate variation in fecundity (R) for the last 10 years of study. We did not use the first 4 years of data due to potential small sample bias. We considered female age (a) as a fixed effect and territory as a random blocking factor. The small sample size of subadult males (12 over 10 years) precluded us from examining male age. Year was modeled as a categorical variable (t) to determine whether fecundity varied annually and as a continuous variable (T) to determine whether a linear trend in fecundity existed. Ideally, territories should have been randomly sampled from a larger population of territories. However, treating territory as a random blocking factor allowed us to calculate standard errors of fixed effects based Heterogeneous variances within and between subjects commonly occur within all types of data, and failure to account for heterogeneity when present can result in misleading inferences (Littell et al. 1996:267). We dealt with possible heterogeneity by using a restricted maximum likelihood approach to first structure the random error covariance matrix (Littell et al. 1996) . Covariance structures modeled were power of the means, autoregressive, heterogeneous autoregressive, compound symmetric, toeplitz, and unstructured. Selection of the best covariance structure was based on AICc.
Once an appropriate covariance structure was found, we used full maximum likelihood estimation to model variation in fecundity. We used 2 datasets to model survival rate ((p): capture-recapture (CR) histories from 1986-1999, and CR histories from 1990-1999. The first data set was used to examine patterns in survival rate throughout the entire study period. The second data set was used to estimate a survival rate that could be used in conjunction with our fecundity estimates to calculate the rate of population change (X) for the last 10 years (see below). Estimating X for the last 10 years of study allowed us to avoid a potential serious bias in X due to potential bias associated with early reproductive estimates (i.e., sampling effort was much lower in the first 4 years of study, and-since breeding owls may be easier to find and work with-may have resulted in positively biased estimates of reproductive output). We used open population CR models to estimate age-(a), time-(t or T), and sex-specific (s) survival rates and recapture probabilities (p) for territorial owls (Cormack 1964, Jolly 1965, Seber 1965). We also considered loglinear and quadratic time structures on survival rate. Too few juveniles were recaptured as territory holders (11 of 147 banded) to model juvenile survival. In addition to the time, age, and sex constraints modeled on survival, we considered for recapture rate the total number of hours devoted to walk-in surveys in a year, the annual average of walk-in survey hours per occupied territory located, and the proportion of territories fledging young as annual covariates. Finally, we conducted a sensitivity analysis to examine which parameters had the largest impact on population growth rate (Lande 1988 ).
RESULTS
To estimate fecundity, we assessed reproductive status on 253 occasions at 62 different territories from 1990 to 1999. The best random error covariance matrix structure was a power of the means, indicating annual variances were proportional to their means. Model {Ra+t} best fit the data ( Table 1 ), indicating that fecundity differed among years (Fig. 1) and between subadult and adult females at a constant rate among years. The nearest competing models were: {Rt}, indicating fecundity differed among years but not between subadults and adults; and {R,,xt, indicating fecundity differed among years and between We banded 210 individuals and resighted them 504 times during the 14-year study period. Capture-recapture data for the entire study period (1986-1999) fit the global model Paxsxtaxsxt adequately (C = 1.084, P= 0.24). We examined 38 models that included age-class, sex, time, and survey effort effects for survival and recapture rate. Model {Ps+(T+T )Pwi-effort} had the lowest QAICc value, and its QAICc weight was more than double the weights of other models (Table 1) . This model indicated annual estimates of survival followed a quadratic pattern (with higher survival during the middle of the study), males survived at a consistently higher rate than females, and recapture rates varied by the total number of walkin hours per year. There were 2 additional models within 2 QAICc units of the top model (Table 1) (Table 1) . This model indicated annual estimates of survival followed a log-linear pattern, had higher male survival, and had recapture rates that were positively related to the annual average of walk-in survey hours per occupied territory and the proportion of owls fledging young. There were 5 additional competing models (Table 1) We estimated the demographic parameter values necessary to obtain a stable population using a Leslie stage-projection matrix model by varying 1 parameter at a time while holding the other parameters constant until we achieved a = 1.0. Based on this technique, the juvenile survival rate necessary to obtain a stable population was 0.482 (14.9% greater than the rate we used), the adult female survival was 0.872 (5.3% greater than our estimate), and the adult female fecundity was 0.668 (59.8% increase over our observed fecundity).
DISCUSSION
The declining rate of population change we estimated (X = 0.948) was similar to that estimated by Noon The quadratic model indicated survival was low in early and late years and higher during the middle of the study. It is unknown whether this pattern of decline will continue or whether survival will increase as it did during the early 1990s. Also of interest is the disparity in survival rates between the sexes, with average male survival =5% higher than that of females. Different survival rates between the sexes have been documented in other spotted owl populations, with males having higher survival than females (Forsman et al. 1996a) . At least 5 equally plausible hypotheses exist for the observed difference: (1) demographic chance, and rates will equalize in the future; (2) females and males used different resources (e.g., habitat, prey), and the quality of those resources differed between the sexes; (3) higher emigration by females from our study area; (4) increased energetic requirements associated with nesting; and (5) females were more susceptible to predation. Fecundity estimates were temporally variable but did not exhibit a trend during our study.
Although fecundity in 1999 was the lowest we have recorded, in the absence of a negative trend such a low estimate for a single year is not necessarily cause for concern. The spotted owl has evolved a life-history strategy that apparently accommodates variable annual reproduction because of high adult survival (Franklin et al.  2000) . In other words, the owl can presumably compensate for low reproductive output because it is long-lived. In addition, the mean fecundity we calculated over the entire study period was high relative to estimates for the northern spotted owl (Burnham et al. 1996) , and similar to estimates for the Mexican spotted owl (Seamans et al. 1999 ).
The reliability of our population rate of change estimate is reflected in the precision of our survival and fecundity estimates (Raphael et al. 1996) . The primary source of bias in survival estimates is probably permanent and successful emigration off the study area. Although it is difficult to assess the magnitude of this source of bias, it is informative to examine band recoveries to date. We have located 4 owls banded as juveniles >20 km from our study area (3 dead and 1 alive as an adult territory holder). Although much of the Sierra Nevada is surveyed for spotted owls by the U.S. Forest Service and private groups, no spotted owls we banded as territory holders have been located off our study area. This may indicate that adult emigration is infrequent. Most potential biases in reproductive output would be related to an undercounting of fledged young, resulting in an overestimate of fecundity (Raphael et al. 1996) . Thus, the more than double rate of fecundity necessary to achieve a stable population appears unlikely.
This bet hedging life-history strategy (Stearns 1992, Franklin et al. 2000) appears plausible in light of the temporal variation exhibited in annual survival and reproduction (Fig. 1) and the unequal sensitivity of rate of population change to these parameters. The spotted owl population in the central Sierra Nevada may decline for relatively long time periods and then reverse the decline with 1 or 2 years of exceptional reproductive output. Such a large increase in fecundity occurred in 1992 with a concomitant increase in I. We are not hypothesizing a set pattern, but relatively short population peaks and relatively long troughs of low productivity with variable lengths may occur in this population. However, based on simple projections, the apparent breeding pulse recorded in 1992 would need to occur every 3 to 5 years to sustain the population we studied, given our current estimates of survival.
MANAGEMENT IMPLICATIONS
Our results do not provide explicit recommendations for management plans. However, assuming juvenile survival is below 0.482 (a threshold level for population stability), our results indicate that management strategies that maintain suitable owl habitat (e.g., forest with elements or characteristics of mature forest structure) should receive high conservation priority. Because our inference that this owl population is declining is based on an assumed juvenile survival rate consistent with other studies, it is critical that the issue of spotted owl juvenile dispersal and subsequent survival rates be resolved in the Sierra Nevada. Without further knowledge of juvenile dispersal, it will be difficult to understand the population dynamics of the spotted owl throughout the Sierra Nevada. Finally, we do not believe that the owl decline we observed in the central Sierra Nevada is deterministic. That is, other factors such as weather, habitat, and forest management regimes are probably influencing the overall dynamics of this population (e.g., see Franklin et al. 2000) . Until we evaluate the links among these other factors and the vital rates of spotted owls, we will not understand the mechanisms regulating this population. Thus, while we believe our results should be taken as a cautionary warning about the status of this population, we do not think it is appropriate to infer that forest management (particularly controlled burning, tree thinning, silviculture to accelerate old forest conditions, and some forms of selective logging) should cease if forest management plans carefully consider their effect on spotted owls.
